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Abstract The present study compared the concentrations of
different elements (Ca, P, Mg, Sr, Ba, K, S, Zn, Mn) as well as
Ca/P, Ca/Mg, Sr/Ca, and Ba/Ca ratios in hard antler and
pedicle bone of yearling red deer stags (n=11). Pedicles
showed higher concentrations of calcium and phosphorus
and a higher Ca/Mg ratio than antlers, while antlers exhibited
higher concentrations of potassium, sulfur, and manganese as
well as higher Ca/P, Sr/Ca, and Ba/Ca ratios. The findings
indicate that antlers are less mineralized and show less matu-
ration of their bonemineral than pedicles. Antlers also showed
a higher intrasample variation of mineralization than pedicles,
which can be related to the shorter life span of the (deciduous)
antlers compared to the (permanent) pedicles. It is suggested
that antler bone formation is stopped before the theoretically
possible degree of mineralization and mineral maturation is
reached, resulting in antler biomechanical properties (high
bending strength and work to fracture) that are well suited
for their role in intraspecific fighting. It is further suggested
that the differences in Sr/Ca and Ba/Ca ratios of antlers and
pedicles are related to the dietary shift frommilk to vegetation
in combination with an increasing intestinal discrimination
against Sr and Ba with age, resulting in a less marked differ-
ence in these ratios than would be expected based on the
dietary shift alone. The findings of our study underscore the
suitability of antlers and pedicles as models of bone mineral-
ization and the influence of different animal-related and/or
external factors on this process.
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Introduction

Four of the six extant families of ruminants possess bony
cranial appendages. Among them, the antlers of deer (family
Cervidae) have received the greatest scientific attention [1].
This is related to the facts that antlers constitute the fastest
growing bones in mammals and are characterized by an
annual cycle of loss and regrowth [2]. The rapidity of their
formation combined with their easy accessibility compared to
other (“internal”) bones makes antlers a valuable model for
studying the histogenesis and mineralization of (primary)
bone and the influence of hormonal as well as dietary and
other environmental factors on these processes [3–11]. Antler
regrowth moreover constitutes the only example of regenera-
tion of a complex appendage in mammals [12–15]. Studying
the mechanism of antler regeneration and comparing this
process with appendage regeneration in “lower” vertebrates
may therefore provide crucial insights about how to stimulate
limb regeneration in humans [13, 14]. In its functional state,
i.e., when used in fighting between males, antler bone is a dry
structure, whose moisture content is in equilibrium with that
of the atmosphere [16]. The biomechanical properties of the
dry antlers have been demonstrated to be well suited for their
function in combat, in that they show a very high work to
fracture, which makes them very difficult to break on impact
[16].

Antlers do not grow directly from the skull roof but are
grown and cast from permanent bony outgrowths of the
frontal bones called pedicles. Pedicle formation is triggered
by a rise in circulating testosterone secreted by the testes at
puberty [17, 18]. Growth of the first antlers starts from the
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pedicles when these have reached a threshold length that in
red deer (Cervus elaphus) is 5–6 cm [19, 20]. Growth of the
first antlers, which in red deer and other cervid species are
unbranched spikes, occurs as a continuation of pedicle growth
and therefore does not constitute a regenerative event.

The histogenesis and the histological structure of antler
bone have been studied in greater detail in various species.
These studies demonstrated that antlers elongate by the action
of chondrogenic growth zones present at the tips of the main
beam and tines. Antler bone is largely formed in an endochon-
dral way, with some peripheral (cortical) bone being added by
direct ossification from the perichondrium/periosteum [3,
21–23]. In the process of antler ossification, the initially
formed cartilage is largely replaced by woven bone, and the
spaces between the trabeculae of the woven bone scaffold are
filled with primary osteons. In the outer antler regions, this
infilling with primary osteons causes the formation of a com-
pact cortex that surrounds the spongy antler core. Due to the
short life span of antlers, there is almost no remodeling of the
antler bone, and in consequence, only very few secondary
osteons can be found [24–27]. The virtual lack of bone re-
modeling also explains the occasional presence of remnants of
mineralized cartilage within the trabeculae of the woven bone
scaffold [9, 27]. Antlers can thus histologically be character-
ized as developmentally young bones.

Compared to antlers, there is only limited information on
the histological structure of pedicles. A recent study in the
European roe deer (Capreolus capreolus) demonstrated that
the pedicle is a heavily remodeled structure whose porosity
undergoes large seasonal fluctuations, with the highest values
around antler casting and low values during the rutting period
when the antlers are used for fighting [27]. It has also been
demonstrated that the pedicle increases in thickness by the
formation of fibrolamellar bone that is later remodeled into
secondary osteonal bone [27, 28].

As in the case of histology, there also exists a great dis-
crepancy between antlers and pedicles regarding our knowl-
edge of the elemental composition of the two types of bone.
While several studies reported the concentrations of various
major and minor (trace) elements in antler bone [8, 11,
29–37], there exists only very limited information on element
levels in pedicle bone and on differences in elemental com-
position and degree of mineralization between antlers and
pedicles [38].

From a biomechanical perspective, antlers and pedicles
must be considered a functional unit, because forces acting
upon the antlers are transferred to the skull via the pedicles
[27]. A comparison of the mechanical properties of antlers and
pedicles and their related structural and compositional features
can therefore provide a better understanding of the structural
adaptations of the cranial appendages of deer to the functional
demands deriving from the use of antlers as weapons in
intraspecific combat. The present study compares the

concentrations of certain elements as well as element ratios
in first antler and pedicle bone of free-ranging yearling red
deer stags. Concentration ratios (Ca/P, Ca/Mg, Sr/Ca, Ba/Sr)
are reported in addition to the concentrations of the respective
elements because ratios are much less affected by variations in
the degree of mineralization than absolute concentrations.
Specifically, we addressed the question whether ontogenetic
differences between the permanent pedicles and the subse-
quently formed short-lived first antlers are reflected in their
composition.

Materials and Methods

The analyzed pedicle and hard antler samples were obtained
from 11 yearling red deer stags that had been killed in the
1980s and early 1990s during normal hunting operations in
western Germany (Eifel and Hunsrück mountains, n=9) and
the Netherlands (n=2). All antlers had been completely
cleaned of velvet by the stags. As velvet shedding from the
first antlers of red deer occurs in September [39] and the
hunting season for yearling stags in western Germany ends
on January 31st, the animals’ ages at death can be assumed to
have been between about 16 to 20 months for the deer from
Germany. Ages at death for the two individuals from the
Netherlands were probably in the same range. Following
killing, the animals’ heads had been defleshed, and the crania
routinely cleaned and dried by the hunters. The antlered skulls
of the animals were stored at room temperature prior to
analysis.

One antler and one pedicle bone sample per animal were
analyzed. In nine animals, the samples were removed from the
left cranial outgrowth, while in two deer, in which the left
antler had been broken during life, the antler and pedicle
samples were obtained from the right side. For analysis, about
1-cm-thick full-diameter cross-sectional disks were cut from
the proximal antler and the distal pedicle using a fine-toothed
saw. The cut surfaces were polished with a grinding stone
made of silicon carbide to remove potentially adhering metal-
lic particles derived from the saw. Antler and pedicle bone
samples were then dried to constant mass at 130 °C, pulver-
ized, and homogenized for 10 min in a grinding mill (HSM
100R, Herzog Maschinenfabrik, Osnabrück, Germany), and
further ground (20 min) in an agate mortar with pestle.
Subsequently, 4.6 g of bone powder per sample was thorough-
ly mixed with 1.035 g of Hoechst wax C micropowder
(Merck, Germany), and 5.5 g of the mixture was pelleted
using a pellet press (Herzog Maschinenfabrik, Osnabrück,
Germany) at a pressure of 10 t for 20 min. The pellets were
then stored at room temperature in a desiccator until analysis.

Element concentrations (Ca, P, Mg, Sr, Ba, K, S, Zn, and
Mn) in the samples were analyzed by wavelength-dispersive
spectrometry in a Siemens SRS 3000 sequential X-ray
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spectrometer (60 kV, 50 mA for Ca, Sr, Ba, and Mn; 50 kV,
60 mA for P, Mg, K, S, and Zn), with measurement times
between 10 and 50 s. Antler bone standards used for calibra-
tion were prepared by the method of standard addition, using
analytical grade substances (Merck, Germany) that were
added to the bone powder. The homogenized bone powder
plus added elements was then pelleted as described above. For
matrix correction, additional elements were added to the ho-
mogenized samples [40]. Each bone standard was measured
six times to obtain the calibration functions. Concentrations in
the standards and count rates in the spectrometer were highly
correlated (r values between 0.97 and 1.0). Concentrations are
expressed on a dry matter basis as weight % (=g/100 g) for Ca
and P, and as parts per million (ppm=mg/kg) for all other
elements.

Differences in element concentrations as well as concen-
tration ratios (on a weight basis) between antler and pedicle
bone samples of the animals were analyzed with theWilcoxon
matched pairs test. Spearman rank order correlations were
calculated to analyze the relationship between element con-
centrations. To correct for error accumulation due to running
multiple statistical tests, we performed a sequential Bonferroni
adjustment of P values [41]. Adjusted P values <0.05 were
considered to indicate statistical significance. All statistical
tests were performed with the software package Statistica
version 8 (StatSoft, Tulsa, OK, USA).

Results

Significant differences (adjusted P values <0.05) between
antlers and pedicles existed for the concentrations of calcium
and phosphorus (higher in pedicles) as well as those of potas-
sium, sulfur, and manganese (higher in antlers). Antlers also

showed higher zinc concentrations than pedicles, but the
difference between the two groups was not significant follow-
ing sequential Bonferroni correction (adjusted P value=
0.051). No significant differences between antlers and pedi-
cles existed for concentrations of magnesium, strontium, and
barium (Table 1).

All analyzed element ratios differed significantly between
antlers and pedicles, with antlers showing higher Ca/P, Sr/Ca,
and Ba/Ca ratios, while the Ca/Mg ratio was higher in the
pedicles (Table 2, Fig. 1). Intrasample variation (coefficients
of variation) of calcium, phosphorus, and sulfur concentra-
tions as well as Ca/P ratio in antlers markedly exceeded those
in pedicles, while for the Mn content, the coefficient of vari-
ation in pedicles was more than two times that in antlers
(Table 3).

For antlers, the statistical analysis (Spearman rank cor-
relations) revealed significant positive correlations between
calcium and phosphorus (rs=0.96) and between potassium
and sulfur (rs=0.94) concentrations. Significant negative
correlations (rs values between −0.85 and −0.98) existed
for the relationships between Ca and K, Ca and S, P and
K, P and S, and Mg and Mn concentrations in antlers
(Table 4).

In the pedicles, only the (positive) correlation between
calcium and phosphorus concentrations (rs=0.87) was signif-
icant. The positive relationships between P and Mg (rs=0.66)
and Sr and Ba (rs=0.69) as well as the negative relationships
between Ca and Sr (rs=−0.70), Ca and Ba (rs=−0.62), Ca and
K (rs=−0.69), and P and K (rs=−0.65) were not significant
(adjusted P values >0.05; Table 5), although the correlation
coefficients were quite high. The lack of statistical signifi-
cance in these cases can be attributed to the small sample size
and the rather conservative statistical approach used for data
analysis.

Table 1 Element concentrations (dry matter basis; wt% (g/100 g) for calcium and phosphorus, ppm (mg/kg) for the other elements) in antlers and
pedicles of yearling red deer stags (n=11)

Bone
type

Ca (%) P (%) Mg (ppm) Sr (ppm) Ba (ppm) K (ppm) S (ppm) Zn (ppm) Mn (ppm)

Antler Mean (SD) 24.74 (1.01) 11.22 (0.88) 4,282 (335) 51.5 (7.8) 320.5 (39.3) 442.8 (193.1) 430.4 (160.6) 45.4 (5.0) 17.1 (11.0)

Median 24.86 11.35 4,290 50.6 320.2 478.8 413.6 46.9 17.4

IQR 24.21–25.50 10.96–11.83 3,938–4,654 44.2–58.6 288.7–339.7 268.6–549.1 338.6–492.9 39.8–49.3 8.1–25.9

Min–Max 22.82–26.22 9.64–12.36 3,791–4,747 40.9–62.4 255.5–395.5 135.1–828.4 242.5–821.5 37.3–51.4 1.3–35.4

Pedicle Mean (SD) 25.95 (0.37) 12.28 (0.39) 4,220 (311) 49.5 (8.0) 317.8 (38.2) 238.9 (100.5) 247.0 (37.7) 41.3 (6.1) 1.4 (2.0)

Median 25.99 12.28 4,199 47.7 315.2 218.2 234.5 40.6 0.8

IQR 25.59–26.20 11.97–12.63 3,990–4,570 44.2–57.3 286.6–342.1 186.3–343.7 221.2–259.1 34.7–47.4 0.5–1.0

Min–Max 25.49–26.57 11.73–13.02 3,708–4,695 35.–61.0 264.1–396.8 69.1–391.7 211.7–333.4 30.9–48.2 0.5–7.2

P value 0.006 0.006 0.48 0.17 0.86 0.010 0.004 0.013 0.003

Significance of differences between groups was analyzed by the Wilcoxon matched pairs test. P values given in bold indicate significant differences
between the two groups following sequential Bonferroni correction (adjusted P<0.05)

SD standard deviation, IQR interquartile range
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Discussion

It is well known that antlers have a lower mineral content than
other types of mammalian bone [42, 43]. The latter studies
compared antler bone with “internal bones,” mostly femora,

from deer and other mammals. Thus far, only one study
compared the permanent (pedicle) and the deciduous (first
antler) portions of the cranial appendages grown by juvenile
deer, showing that pedicle bone is more highly mineralized
(higher ash content) than that of the first antler [38]. The

Table 2 Ca/P, Ca/Mg, Sr/Ca, and Ba/Ca weight ratios in antlers and pedicles of yearling red deer stags (n=11)

Bone type Ca/P Ca/Mg Sr/Ca×103 Ba/Ca×103

Antler Mean (SD) 2.212 (0.097) 58.01 (3.57) 0.2083(0.0309) 1.294 (0.138)

Median 2.193 58.93 0.2047 1.319

IQR 2.121–2.242 54.79–61.12 0.1780–0.2398 1.205–1.381

Min–Max 2.116–2.425 51.00–62.44 0.1663–0.2506 1.055–1.525

Pedicle Mean (SD) 2.115 (0.045) 61.78 (4.31) 0.1910 (0.0325) 1.226 (0.159)

Median 2.128 62.60 0.1858 1.204

IQR 2.084–2.150 56.90–64.92 0.1687–0.2239 1.120–1.316

Min–Max 2.041–2.173 56.12–68.75 0.1355–0.2372 1.016–1.557

P value 0.013 0.033 0.004 0.008

Significance of differences between groups was analyzed by the Wilcoxon matched pairs test. P values given in bold indicate significant differences
between the two groups following sequential Bonferroni correction (adjusted P<0.05)

SD standard deviation, IQR interquartile range

Fig. 1 Bivariate scatterplots of
Ca/P (a), Ca/Mg (b), Sr/Ca (c),
and Ba/Ca (d) weight ratios in
antlers and pedicles of yearling
red deer stags (n=11). For clarity,
the line of equality has been
inserted in each plot
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results of the present study extend these findings by reporting
elemental concentrations and ratios for first antlers and
pedicles.

The mineral constituent of bone is a poorly crystalline,
carbonated apatite whose chemical composition differs from
that of stoichiometric hydroxylapatite, which has a Ca/P
weight ratio of 2.15 and a molar ratio of 1.67. Bone apatite
has much fewer hydroxyl groups than pure hydroxylapatite
and furthermore contains numerous elements and molecular
species that substitute for calcium (Ca2+), phosphate (PO4

3−),
and hydroxyl (OH−) ions in the lattice [44–47]. Such substi-
tutions cause structural changes in the bone mineral and can
have major effects on bone mechanical and other properties
[44].

The antlers of the yearling red deer showed lower calcium
and phosphorus concentrations as well as higher sulfur con-
centrations compared to pedicles. Calcium and phosphate are
the main constituents of the bone mineral, whereas sulfur in
the bone is predominantly present as part of various constitu-
ents of the organic matrix [48, 49]. In line with earlier find-
ings, the results of the present study thus clearly indicate that
the antlers were less mineralized and had a higher relative
proportion of organic matrix than the pedicles.

Our results also show that the degree of mineralization was
muchmore variable among the antlers than the pedicles. Thus,
the coefficients of variation for calcium, phosphorus, and
sulfur concentrations as well as Ca/P ratio in the antlers all
more than doubled the corresponding values for the pedicles.

This suggests that bone formation and mineralization were of
a more homogeneous nature during pedicle than during antler
growth. The higher intrasample variability in mineralization
of antlers compared to pedicles is also reflected by the signif-
icant negative correlations between the concentrations of both
calcium and sulfur (rs=−0.98) and phosphorus and sulfur (rs=
−0.95) in antlers, while no significant correlations of calcium
and phosphorus concentrations with those of sulfur were
observed in the pedicles (Tables 4 and 5).

The overall lower and more variable degree of mineraliza-
tion of antlers compared to pedicles is hypothetically attribut-
ed to different factors. First, pedicle growth occurs at a slower
rate than first antler growth [50]. Second, antlers are short-
lived structures that in their functional (hard antler) state
consist of dry, dead bone [16], whereas pedicles are permanent
structures. It has been discussed previously that because of the
short life span of antlers, there is no opportunity for a com-
pensation of delays in the onset and progression of the min-
eralization process of antler bone as is principally possible in
long-lived “internal” bones [28]. Thus, antlers are considered
to be less “buffered” than pedicles against external or animal-
related factors affecting bone growth and mineralization,
which is reflected by the more variable mineralization of
antlers compared to pedicles. An influence of nutrition and
related growth parameters on the chemical composition, struc-
ture, and mechanical properties of antlers has been demon-
strated repeatedly [10]. For example, it was shown that body
weight and growth rate of yearling red deer stags influenced

Table 3 Coefficients of variation (CV, %) of element concentrations and concentration ratios in antlers and pedicles of yearling red deer stags (n=11)

Ca P Mg Sr Ba K S Zn Mn Ca/P Ca/Mg Sr/Ca Ba/Ca

CVantler 4.08 7.87 7.82 15.05 12.25 43.61 37.32 11.09 64.16 4.37 6.16 14.84 10.67

CV pedicle 1.41 3.21 7.37 16.11 12.03 42.06 15.28 14.72 139.53 2.12 6.97 17.02 12.93

Ratio antler CV/pedicle CV 2.89 2.45 1.06 0.93 1.02 1.04 2.44 0.75 0.46 2.06 0.88 0.87 0.83

Table 4 Correlationmatrix of Spearman rank correlations and their associatedP values (in parentheses) for element concentrations in antlers of yearling
red deer stags (n=11)

Element P Mg Sr Ba K S Zn Mn

Ca 0.95 (<0.00001) 0.52 (0.10) 0.30 (0.37) 0.54 (0.09) −0.96 (<0.00001) −0.98 (<0.00001) −0.19 (0.57) −0.47 (0.14)
P 0.55 (0.08) 0.33 (0.33) 0.55 (0.08) −0.87 (0.0005) −0.95 (<0.00001) −0.07 (0.83) −0.50 (0.12)
Mg 0.07 (0.83) 0.12 (0.73) −0.51 (0.11) −0.53 (0.10) 0.57 (0.07) −0.85 (0.001)
Sr 0.32 (0.34) −0.18 (0.59) −0.26 (0.43) 0.02 (0.96) −0.35 (0.28)
Ba −0.48 (0.13) −0.61 (0.05) −0.48 (0.13) −0.23 (0.50)
K 0.94 (0.00002) 0.16 (0.63) 0.45 (0.16)

S 0.19 (0.57) 0.52 (0.10)

Zn −0.51(0.11)

P values given in bold indicate significant correlations following sequential Bonferroni correction (adjusted P<0.05)
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the chemical composition of their first antlers [36] and that the
milk supply of the yearlings was positively correlated with the
ash, calcium, and phosphorus contents of the first antlers [37].

Mineralization of the organic bone matrix is a gradual
process that consists of two successive steps, viz. a rapid
primary mineralization and a much slower secondary miner-
alization [46, 51]. Primary mineralization starts relatively
shortly (5 to 10 days in humans) after deposition of the bone
matrix, reaching 50 to 70 % of the maximal mineralization
within about 3 weeks. During secondary mineralization, a
slow and gradual maturation of the mineral component occurs
that involves both an increase in crystal number and crystal
size [46, 51, 52]. The normal duration of the secondary
mineralization phase in humans is unknown [46]. In special
cases (unremodeled primary lamellar bone), the process may
be decades long [53]. In a study on ewes, secondary mineral-
ization in bone structural units was completed after 30 months
[52].

Pedicle growth in juvenile male red deer starts at an age of
about 6 to 8 months (January/February), while first antler
formation from the pedicles usually commences at around
12 months of age (May/June) and ends with velvet shedding
in September (months apply to red deer from western and
central Europe) [20, 39, 54]. Thus, first antler growth in red
deer occurs over a period of only about 4 months. The period
of bone formation and mineralization in the pedicles of the
studied individuals was much longer, ranging from the onset
at 6 to 8 months to the animals’ death at an age of 16 to
20 months.

A recent fluorochrome labeling study revealed a rapid
mineralization process in cortical bone of regenerated antlers
of red deer, with average mineral apposition rates of 2.15 μm/
day in early stages and of 1.56 μm/day in later stages of
primary osteon formation [26]. Corresponding data for pedicle
mineralization are not available. It is suggested that the rapid
mineralization observed in the red deer antlers corresponds to
the primary mineralization process and early stages of the
secondary mineralization described in other (internal) bones

[46, 52]. The short life span of antlers further suggests that the
process of secondary mineralization is not completed in antler
bone, i.e., that the antlers die off before the physiological limit
of their mineralization is reached. Their low degree of miner-
alization makes antlers less brittle than other bones and very
difficult to break on impact [16], which is clearly an adaptive
trait for a structure used in intraspecific fighting. Thus, the
short-lived nature of the antler bone that results from the
linking of the antler cycle to the annual fluctuations in the
levels of circulating androgens may be viewed as a means to
produce a type of “headgear” [1] that is biomechanically
optimized for its role in intraspecific combat. The higher
mineral content of pedicles compared to antlers most likely
reflects the longer time available for mineralization of the
pedicles, although also the pedicle bone of the yearling stags
analyzed in this study had probably not yet achieved its
theoretically possible maximum degree of mineralization.
The effects of their higher mineral content, in combination
with their different bone micromorphology [27], on the bio-
mechanical properties of pedicles in comparison to antlers
remain to be elucidated.

Ca/P weight ratios in the studied antlers and pedicles were
relatively close to the value for hydroxylapatite (2.15). Values
were more variable in the antlers, and in nine of 11 cases, the
Ca/P ratio in the antler bone exceeded that in pedicle bone.
The latter finding is suggestive of a generally higher degree of
substitution of phosphate (PO4

3−) by carbonate (CO3
2−) in the

bone mineral of the pedicles compared to antlers. Carbonate
accounts for about 6 to 7 % of the total mineral ions in bone
[46], and CO3

2− can substitute for either PO4
3− (type B car-

bonate) or OH− (type A carbonate) in the apatite lattice [46,
47], with the substitution for PO4

3− being the dominant one in
bone [44, 55]. Occupancy at the B site in the apatite lattice is
dependent on the competition between PO4

3−, HPO4
2−, and

CO3
2− ions [56]. A third site of carbonate in bone mineral is

labile CO3
2− at the mineral surface [46, 55].

Different studies have reported an increase in CO3
2− con-

tent and/or CO3
2−/PO4

3− ratio in bone with increasing age [57,

Table 5 Correlation matrix of Spearman rank correlations and their associated P values (in parentheses) for element concentrations in pedicles of
yearling red deer stags (n=11)

Element P Mg Sr Ba K S Zn Mn

Ca 0.87 (0.0006) 0.37 (0.26) −0.70 (0.02) −0.62 (0.04) −0.69 (0.02) −0.47 (0.14) −0.16 (0.64) −0.07 (0.83)
P 0.66 (0.03) −0.72 (0.01) −0.59 (0.06) −0.65 (0.03) −0.27 (0.42) 0.09 (0.80) −0.12 (0.73)
Mg −0.54 (0.09) −0.37 (0.26) −0.47 (0.14) 0.05 (0.87) 0.57 (0.07) 0.12 (0.72)

Sr 0.69 (0.02) 0.30 (0.37) 0.21 (0.54) −0.02 (0.95) 0.13 (0.70)

Ba 0.26 (0.43) 0.36 (0.27) 0.15 (0.67) 0.26 (0.44)

K 0.35 (0.28) −0.17 (0.61) −0.36 (0.27)
S 0.21 (0.55) 0.41 (0.21)

Zn 0.16 (0.64)

P values given in bold indicate significant correlations following sequential Bonferroni correction (adjusted P<0.05)
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58]. More recent studies performed at the osteonal level
provided conflicting results, reporting either a decreasing
[59] or an increasing [60] CO3

2−/PO4
3− ratio from the center

(youngest bone) to the periphery (most mature bone) within
an osteon. The observed difference in Ca/P ratios between
antlers and pedicles is principally consistent with the view that
the developmentally younger antler bone exhibits a lower
degree of carbonate substitution in the PO4

3− sites of the bone
mineral (type B substitutions) than the developmentally older
pedicle bone. However, further studies are needed to substan-
tiate this assumption.

About 60 % of the magnesium in the human body is found
in bone, both in the organic matrix and the mineral compo-
nent, and the element plays a key role in bone metabolism
[61]. Magnesium is essential for the biological activity of ATP
and acts as a cofactor for many enzymes, including alkaline
phosphatase [62]. An increase in the Ca/Mg ratio has been
reported to occur with increasing mineralization of the bone
[57]. Substitution of magnesium for calcium in bone mineral
is, however, limited, which is related to the considerably
smaller size of the Mg2+ ion compared to the Ca2+ ion and
the resulting distortion of the apatite lattice structure caused by
the replacement of Ca2+ by Mg2+. In consequence, binding of
Mg2+ retards the nucleation and growth of apatite crystals [46,
63]. There is discrepancy in the literature about whether Mg2+

is preferentially incorporated in Ca [I] sites [46] or Ca [II] sites
[63] of the apatite lattice.

Bone mineral crystals exhibit a hydrated layer with loosely
bound ions (including Mg2+), which constitute the so-called
nonapatitic mineral domain [45, 46]. During mineral matura-
tion, the hydrated layer is reduced whereas the stable apatite
domain grows [46]. As the incorporation of magnesium into
the apatite lattice is limited, the loss of loosely bound magne-
sium present in the labile mineral domain, i.e., of magnesium
adsorbed to the crystal surface, will lead to an increase in Ca/
Mg ratio with increasing bone mineral maturation. The lower
Ca/Mg ratio in antler bone compared to pedicle bone is
therefore, like the higher Ca/P ratio of antlers, attributed to
the fact that antler bone is developmentally younger than
pedicle bone.

Strontium and barium are nonessential trace elements that
tend to mimic calcium in metabolic pathways [64]. In biolog-
ical apatites, Sr2+ and Ba2+ ions, which both have a higher
ionic radius than Ca2+, can substitute for the latter [65]. As
organisms discriminate against Sr and Ba in favor of Ca, Sr/Ca
and Ba/Ca ratios diminish during metabolic processes, a phe-
nomenon known as biopurification of calcium [64]. In the
mammalian organism, discrimination of Sr and Ba occurs at
five main locations, the intestines, kidneys, placenta, mam-
mary glands, and sites of apatite formation [65]. As the
efficiency of the process of biopurification at these sites
changes throughout ontogeny, there is variation in the Sr/Ca
and Ba/Ca ratios of apatites formed during different

ontogenetic stages in mammals [65]. Thus, yearling male
white-tailed deer (Odocoileus virginianus) were shown to
exhibit less discrimination against uptake of strontium relative
to calcium than 2-year old males [66]. In line with these early
results, a later study observed that in wild white-tailed deer
and in farm-raised steers (Bos taurus), discrimination against
Sr and Ba early in ontogeny was relatively lower than during
later life [65].

Variation in Sr/Ca and Ba/Ca ratios of biological apatites is
also strongly influenced by dietary changes, which are often
likewise linked to age and therefore difficult to separate from
ontogenetic changes in discrimination [65]. In mammals,
especially the change from milk to adult diet is associated
with a marked increase in dietary Sr/Ca and Ba/Ca ratios. For
lactating dairy cows, an average Sr/Ca ratio in the milk of 0.15
relative to the animals’ diet was observed [67]. A later study
likewise found that in cattle, Sr/Ca and Ba/Ca ratios for milk
are much lower than those of other dietary items [65]. An
increase in Sr/Ca and Ba/Ca ratios of bone apatite with in-
creasing proportion of forage in the diet is also expected in
deer.

Most births in red deer from Germany occur during May
and June [39]. Pedicle growth commences at an age of about 6
to 8 months, and growth of the first antlers from the top of the
pedicles starts about 12 months after birth [20, 39, 54].
Weaning of red deer calves whose mothers have become
pregnant again occurs at about 5 to 7 months after birth, with
last sucking behavior typically observed before end of
November [68]. However, barren mothers, i.e., hinds that
did not become pregnant again during the rut (September/
October) in the year of birth, often wean their calves later,
although in this case, the frequency of sucking behavior drops
to lower levels during winter [39, 68]. Pedicle growth in red
deer thus starts close to the end of the period of milk feeding,
and only early stages of pedicle formation and mineralization
may take place preweaning. In contrast, first antler growth
starts some months after weaning when the animals feed
entirely on vegetation.

The observed lower Sr/Ca and Ba/Ca ratios in pedicle
bone compared to antler bone of the yearling red deer
stags can therefore be attributed to the fact that pedicle
growth occurs closer to the period of milk feeding (and
partly overlaps with it) than antler growth. However, the
magnitude of the observed differences is clearly less than
would be expected if the ratios in bone apatite would only
reflect the transition from milk (with low Sr/Ca and Ba/Ca
ratios) to plant diet (with higher ratios). In line with the
reasoning by Peek and Clementz [65] for apatite ratios in
mineralized tissues of cattle and deer, we therefore assume
that an increasing intestinal discrimination against stron-
tium and barium with increasing age is also of influence
here and that this factor somewhat dampens the effect of
the dietary transition occurring at weaning.
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In bone, zinc can be present bound to either the organic
matrix (in metalloenzymes or collagen) or the bonemineral [9,
69, 70]. In the bone apatite, the Zn2+ ion is preferentially
incorporated in Ca [I] sites [46]; however, replacement of
Ca2+ with the smaller Zn2+ distorts the lattice and thus inhibits
further crystal growth [71]. Substitution of calcium by zinc in
lattice positions is therefore very limited, and most of the zinc
in bone mineral is thought to be loosely bound, thereby
matching the situation for magnesium [71]. There is evidence
that alkaline phosphatase, a zinc-containing metalloenzyme
[62], becomes incorporated as a bone matrix protein during
initial mineralization [70]. In a recent study on red deer
antlers, zinc staining was observed at the mineralization front
of forming primary osteons, whereas completely formed and
fully mineralized primary osteons showed no Zn-staining [9].
It was concluded that high zinc concentrations are found at
sites of primary mineralization [9]. In the present study, the
difference in zinc content between antlers and pedicles was
not statistically significant (adjusted P value=0.051); howev-
er, there was a clear tendency for higher values in the antlers,
which is in line with the view that antler bone is less mature
than pedicle bone.

Also, the K+ ion can substitute for Ca2+ in the apatite lattice
[44, 47]. Using a histochemical approach in red deer antlers,
Landete-Castillejos et al. [9] observed that potassium was
abundant in the trabecular scaffold composed of woven bone,
whereas it was not detected in primary osteons. Accordingly,
antlers with a higher porosity due to incomplete infilling of
osteons (incomplete mineralization), and thus a higher propor-
tion of trabecular compared to osteonal bone, had a higher
potassium content than more mature antlers with low porosity
[9]. It was concluded that potassium content in antlers can serve
as a marker of the ratio between trabecular (woven) bone and
osteonal bone and thus of the degree of maturation of the antler
bone. Extending this reasoning to the differences in potassium
content observed between antlers (considerably higher values)
and pedicles in the present study, this would again point to the
more mature nature of pedicle compared to antler bone.

The present study revaled a marked difference in manga-
nese content of antlers (mean 17.1 ppm dry wt) and pedicles
(mean 1.4 ppm dry wt). Average manganese concentrations
for antlers reported in the literature vary widely, ranging from
0.57 ppm dry wt for antlers grown by farmed Spanish red deer
following a winter with late frosts [10] to 21.5 ppm dry wt for
antlers of wild roe deer from Germany [30]. To the best of our
knowledge, thus far, no manganese concentrations in pedicle
bone have been published. However, for femora of female red
deer, mean Mn concentrations of 0.26 ppm dry wt for animals
feeding on natural vegetation and of 0.32 ppm dry wt for
animals who in addition were supplementally fed with whole-
meal feed were reported [72].

Manganese is required for the synthesis of glycosamino-
glycans during bone matrix formation and is a cofactor for

different enzymes in bone tissue [73]. In the apatite lattice,
Mn2+ can substitute for Ca2+ [44, 47]. It may be speculated
that the higher Mn content of the antlers is related to their
relatively lower degree of mineralization and relatively higher
proportion of organic matrix compared to the pedicles.
However, our analytical approach did not allow for separating
matrix-bound from mineral-bound manganese, and therefore,
further studies are needed to clarify this issue. An increased
frequency of antler breakage observed in red deer has been
related to a reducedMn content of the antler bone [74]. It does
not seem likely that this reasoning can simply be extended to
the differences in Mn content between antlers and pedicles
observed in the present study, as there were two cases of antler
fracture in our sample but no case of pedicle fracture.

Conclusions

Using wavelength-dispersive X-ray fluorescence, the present
study, for the first time, demonstrated marked differences in
element concentrations and element ratios between first ant-
lers and pedicles of yearling red deer stags. The results indi-
cate that in comparison with pedicle bone, the antler bone of
the yearling red deer was less mineralized and its mineral
component lessmature. This can be related to the rapid growth
and short life span of the antler compared to the longer
formation time and permanent nature of the pedicle. Our
findings suggest that antler bone formation is stopped before
the theoretically possible degree of mineralization and mineral
maturation is reached. Interestingly, this is an advantageous
feature, as it gives the antlers a high bending strength and
work to fracture [16], thereby making them very well suited
for their fighting function. Thus, the linking of the antler cycle
to the reproductive cycle of deer and the associated seasonal
demise of the antlers as a result of velvet shedding caused by a
rise in circulating androgen concentrations produces a kind of
cranial appendage that is biomechanically highly adapted for
its role in intraspecific combat.

For first antlers of red deer, it has previously been reported
that the concentrations of calcium and phosphorus as well as
the ash content in the antler base were higher than those in the
tip region while the potassium and zinc contents were lower
[36]. These results are supportive of our above conclusion,
since the later formed antler tips have less time to undergo
mineralization than the more basal antler portions. Evidence
for incomplete mineralization of antler bone has also been
demonstrated histologically in red deer [26] and roe deer [27].

As a cautionary note, we want to emphasize here the fact
that the present study analyzed antlers and pedicles of yearling
stags. First, antlers are much smaller than those of adult stags
and are formed during a period of ongoing body growth. It has
previously been shown that the investment in antler growth by
yearling red deer stags is much lower than that by older stags
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[75]. Moreover, yearling red deer males do not intensely
participate in the rut and, in contrast to older males, do not
use their antlers in fighting with other males over access to
females. In addition, the pedicles of yearlings have not under-
gone the pronounced seasonal changes in porosity that are
associated with antler casting and regeneration and make the
pedicles of older deer heavily remodeled bone structures [27].
It therefore remains to be analyzed, whether the differences
observed between antlers and pedicles of yearling red deer
also hold for adult stags. It may, for instance, be assumed that
the differences in Sr/Ca and Ba/Ca ratios between antlers and
pedicles observed in yearling stags diminish with increasing
animal age, as the initially formed pedicle bone becomes more
and more replaced by secondary osteons in the process of
remodeling and new bone is laid down along the pedicle
periphery by periosteal apposition [27]. Further studies ad-
dressing the differences in chemical composition between
regenerated antler bone and remodeled pedicle bone of older
deer are thus clearly needed. Another field of high interest to
antler biology is how the compositional and histological dif-
ferences between antler and pedicle bone are reflected by their
mechanical properties.
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